Abstract. ERS-1/ERS-2 synthetic aperture radar interferometry was used to study the 1997 eruption of Okmok volcano in Alaska. First, we derived an accurate digital elevation model (DEM) using a tandem ERS-1/ERS-2 image pair and the preexisting DEM. Second, by studying changes in interferometric coherence we found that the newly erupted lava lost radar coherence for 5-17 months after the eruption. This suggests changes in the surface backscattering characteristics and was probably related to cooling and compaction processes. Third, the atmospheric delay anomalies in the deformation interferograms were quantitatively assessed. Atmospheric delay anomalies in some of the interferograms were significant and consistently smaller than one to two fringes in magnitude. For this reason, repeat observations are important to confidently interpret small geophysical signals related to volcanic activities. Finally, using two-pass differential interferometry, we analyzed the preeruptive inflation, coeruptive deflation, and posteruptive inflation and confirmed the observations using independent image pairs. We observed more than 140 cm of subsidence associated with the 1997 eruption. This subsidence occurred between 16 months before the eruption and 5 months after the eruption, was preceded by-•18 cm of uplift between 1992 and 1995 centered in the same location, and was followed by •10 cm of uplift between September 1997 and 1998. The best fitting model suggests the magma reservoir resided at 2.7 km depth beneath the center of the caldera, which was -5 km from the eruptive vent. We estimated the volume of the erupted material to be 0.055 km 3 and the average thickness of the erupted lava to be---7.4 m.
Introduction
Repeat-pass synthetic aperture radar (SAR) interferometry has become an important technique to measure volcanic deformation at a horizontal resolution of tens of meters with a vertical accuracy of centimeters to subcentimeters. Massonnet et al. [1995] [ Byers, 1959; Miller et aL, 1998 ]. Several major eruptions and a number of minor events occurred in the caldera in historical time. The sketchy historical record dates back to 1817. Eruptions in this century happened in 1931, 1.936, 1938, 1943, 1945, 1958, 1960, 1981, 1983, 1986, 1988 , and 1997 [Byers, 1959; Miller et aL, 1998 ]. All historical eruptions of Okmok originated from Cone A, located on the southern caldera rim, and produced abundant ash emissions and mafic lava flows on the caldera floor (Figure lb) .
The latest eruption of Okmok volcano began on February 11, 1997, when a steam and ash plume was reported. The eruption was a moderate Strombolian type with an ash plume reaching to 9144 m and a lava flow coveting an area of-•7.5 km 2 Worley et aL, 1998 ]. Satellite thermal imagery and inspection from the air showed that eruptive activity had ceased by late April 1997 ].
Okmok is an ideal target for SAR interferometry because much of the volcano is at a fairly low elevation and the caldera floor has subdued topographic relief. The elevation of the rim of the caldera is -•1070 m. The caldera floor is relatively flat, with <370 m relief. The low elevation implies a longer season without snow cover, extending the interval during which we can expect to obtain coherent data (section 1.2). The low relief minimizes problems of foreshortening, layover, and shadowing and ensures that observations are fairly insensitive to errors in topography.
SAR Interferometry
Crustal deformation is measured by generating an interferogram using a pair of repeat-pass SAR images. The phase of each pixel in a SAR image corresponds to the distance (path length) from the satellite to each resolution element of the ground surface. An interferogram is an image constructed using the phase difference of images taken on two different satellite passes. Path length changes are related to topography, the difference in the satellite positions between the two passes, ground surface deformation occurring between the image acquisitions, different atmospheric conditions (pressure, temperature, and water vapor content) at the image acquisition times, and noise. In an interferogram the component of the phase change caused by the difference in satellite positions can be removed using satellite position and velocity vectors, and the component contributed by the terrain topography can be removed by using a DEM or another interferogram where deformation is negligible [e.g., Massonnet and Feigl, 1998 ]. This results in an interferogram that contains ground surface deformation, atmospheric delay anomalies, and noise.
An interferogram is usable only in those areas where the radar returns in both images are coherent. Coherent interference of SAR images depends on consistency in the scattering characteristics of the ground surface at the time of radar acquisitions. Reduction of coherence can be caused by factors such as growth of vegetation, changes in land cover type, freezing/thawing of the surface, and random movement of scatterers whose sizes are on the scale of wavelength.
Covering the surface with lava or a thick ash layer will completely destroy the interferometric coherence [Zebker et al., 1996] . Therefore, in an interferometric coherence map, regions covered by new lava or significant ash layers have the lowest coherence values because the scattering characteristics in these regions are completely changed. Regions covered with loose materials tend to lose interferometric coherence by some degree due to the movement of the surface materials. carded out a systematic study of interferometric coherence for several types of volcanic surface materials using ERS-I images acquired over the Katmai volcano group in Alaska. They found that regions dominated by loose surface materials completely lost coherence in C band (wavelength of 5.66 cm) images over a time interval of 1 year but that the measurement of volcanic deformation is possible using C band images acquired during the summer for time separations of up to a few years, as long as the surface is dominated by lava. Altitude of ambiguity.
Methods
Because the phase difference of the image pair corresponds to the change in the round-trip path length of radar waves to ground targets, an interferogram is similar to a contour map of the change in distance to the ground surface along the look direction of the satellite. The SAR images used in these studies were collected by the C band (5.66 cm wavelength) ERS-I and ERS-2 satellites of the European Space Agency (ESA), operated at an altitude of-790 km. The look direction of the antenna is about 20 ø to 26 ø from vertical, and therefore interferograms are more sensitive to vertical deformation than to horizontal. The satellite orbits repeat every 35 days.
For each image pair we optimized the Doppler frequency during SAR image generation. The average Doppler frequency of the two images was used to process the SAR signal data into single-look complex (SLC) images from which the interferograms were produced. This is especially important for interferograms that mix ERS-1 and ERS-2 images, as the two satellites used different Doppler frequencies. Range spectrum filtering for the two SLC images was applied to account for the spectral shift induced by the slight difference in incidence angle between the SLC images [Gatelli et al., 1994] , only that common to the two being retained. This optimization procedure improved the interferometric coherence (H.
Zebker, personal communication, 1997). We improved the estimation of the baseline vector, the spatial distance between two orbit trajectories, using the precision orbit data product (PRC) delivered by the German Processing and Archiving Facility (D-PAF) [Massmann, 1995] . PRC state vectors are given at 30-s intervals. The accuracy of the PRC position vectors is -30 cm for alongtrack and 8 cm for cross-track [Massmann, 1995] . In several cases, we further improved the estimate of the interferometric baseline using ground control points [Rosen et al., 1996] .
We removed the effect of topography from the interferogram using a DEM and the known satellite orbits, leaving only the contributions of ground deformation, atmospheric delay, and noise. This is the so-called two-pass differential interferometry method [see, e.g., Massonnet and Rabaute, 1993 October and November 1995 (35 days time separation). The baseline B•_ for the interferogram is about 399 m, and ha is -23 m, so it is very sensitive to topography: about 23 m uncorrected topographic relief will produce a fringe in the interferogram. We compared topography-removed interferograms derived using the USGS DEM and the interferometry-derived DEM. We found there were more residual fringes in the topography-removed interferogram done with the 'USGS DEM than in the one with the interferometry-derived DEM. The residual fringes are most likely caused by the errors in the DEMs because (1) they occur in high relief regions and follow the topographic contours; (2) they do not resemble the deformation we observe in other interferograms; and (3) the residual fringes are much greater in magnitude than any atmospheric errors seen in other images. Therefore we conclude that the interferometry-derived DEM is more accurate than the preexisting USGS DEM. Accuracy of the interferometryderived DEM is better than 15 m in areas of good coherence.
We could not compute valid heights for regions with low interferometric coherence and regions with severe layover and foreshortening effects. This left several "holes" in the interferometry-derived DEM. To fill in these holes, we merged the two DEMs, resampling the USGS DEM to 20-m horizontal spacing where data were missing in the interferometry-derived DEM. Our conservative estimate is that the final DEM has a vertical accuracy of-30 m, although it is most likely much better than that in most of the region We analyzed the atmospheric effects on the deformation map shown in Plate 3. Atmospheric delay anomalies outside of the caldera are severe. The altitude of ambiguity for the interferogram is ---570 m; an error of 570 m in the DEM would produce just one fringe. Therefore the fringes along profiles C-D and E-F in the southern and southwestern parts of the island cannot be due to errors in the DEM. Since they are not likely to be caused by deformation, these fringes are most likely caused by atmospheric delays. Figure 3a shows the range changes and topography along profile C-D. The range change caused by atmospheric anomaly is -3 cm over a Figures 4a and 4b , where up to 6 cm range change was observed. To prove the range changes in Plate 4a were caused by a difference in atmospheric conditions rather than by seismic or volcanic activities, we generated another two interferograms for the same area: one was produced using an image acquired in May 1997 and the July 1997 image (Plate 4b); the other was produced using the May and September 1997 images (Plate 4c). In Plate 4b, we observed fringes similar to the one in the May-July interferogram (Plate 4a). Because the change of colors in Plate 4a is opposite to that in Plate 4b, and because we did not observe any fringe in the May-September interferogram (Plate 4c), we concluded that the fringes in Plates 4a and 4b were caused by an atmospheric anomaly affecting the July 1997 image.
Temporal Changes of lnterferometric
The phase difference caused by the atmospheric delays is significant for interferograms over the Okmok volcano. Range change up to 6 cm was detected over a distance of 8 km (Figure 4b A topography-removed interferogram generated from images acquired on November 1, 1993, and October 25, 1995 is shown in Plate 5a. The deformation along profile A-B is shown in Figure 5b . A range change of--,7 cm, corresponding to uplift of the center of the caldera, was observed along the 7-km profile' (Figure 5b) . Range change of a similar magnitude was observed along profile B-C over a distance of 1.8 km (Figure 5c ). This interferogram shows evidence for nonaxisymmetric deformation, which could be induced by a complex magma source. Since this second uplift center lies approximately between the center of the caldera and Cone A, it might represent magma traveling from the main magma body toward the eruptive center. Interferometfic coherence is reasonably high for the regions outside of the caldera, and atmospheric delay anomalies are apparently small.
The deformation observed in Plates 3 and 5a was derived from four SAR images (Table 1) acquired on descending passes, on which the satellite moved from north to south and looked to the west. We verified the observations using two images (Table 1) We modeled the observed co-eruptive deflation (Plate 6) using a spherical point deflationary pressure source in an elastic half-space [Mogi, 1958] could mean that a minimum of 0.006 km 3 of magma was emplaced in a shallow magma chamber in the 3 years preceding the eruption or that pressure increased without additional magma input by development of a vapor phase.
The center of subsidence is offset by ---5 km from the eruptive vent, which implies that significant lateral magma transport might have occurred during eruption. The offset between the eruption center and the deformation center at Okmok is not unprecedented at basaltic volcanoes like Kilauea and Piton de la Fournaise. Magma accumulates in a shallow reservoir beneath the caldera, causing the ground surface to swell. Sometimes the ensuing eruption occurs in the summit area, near the center of uplift, but often magma intrudes laterally along a rift zone and the eruption site is displaced from the center of deformation. For silicic volcanoes, such as Katmai, Izu-Oshima, and Usu, eruption centers were also offset from the centers of deformation [Newhall and Dzurisin, 1988 ].
Conclusions
Using two-pass SAR interferometry and ERS-1 and ERS-2 images, we studied preeruptive inflation, coeruptive deflation, and posteruptive inflation for the 1997 eruption of Okmok volcano, Alaska. We also studied changes in interferometric coherence within the caldera, as well as the effect of atmospheric delays on interferometric measurement.
We observed inflation of 18 cm from 1992 to 1995 before the eruption, >140 cm of deflation associated with the eruption, and -10 cm of inflation in the first year after the eruption. The best fitting model suggests the magma reservoir resided at a depth of 2.7 km beneath the center of the caldera, which was -5 km from the eruptive vent. We estimated a lower bound to the volume of the erupted material to be 0.055 km 3, and the estimated average thickness of the lava flow is -7.4 m.
By studying changes in interferometric coherence, we found that the newly erupted lava completely lost radar coherence within 3-5 months after the eruption, suggesting changes in the surface probably related to cooling and compaction. It took 5-17 months for coherence to recover. Finally, atmospheric delay anomalies for interferograms are found to be significant, and redundant observations are critical to differentiate geophysical signals from atmospheric noise.
